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Abstract:  Arbutoid mycorrhizae were synthesized between adult se-
lected clones of Arbutus unedo L. and Pisolithus arhizus. Two micro-
propagated clones were tested: AL1, in vitro and C1 (acclimatized plants) 
in nursery and later in a field trial. In vitro, rooted shoots were trans-
ferred to test tubes containing the substrate previously inoculated with 
mycelium cultured on agar. In the nursery, two inoculation treatments 
were tested (vegetative inocula or dry sporocarps) and compared to con-
trol plants. In the field trial, plants from nursery inoculation treatments 
were compared and an additional control treatment using seedlings was 
implemented. Plant height was evaluated 4 months later in the nursery 
and 20 months later in the field trial. Roots were examined by morpho-
logical and histological studies: a) in vitro plantlets one month after 
inoculation and nine months after acclimatization; and b) 20 months after 
the field trial was established. Arbutoid mycorrhizae were observed in 
vitro one month after inoculation, indicating compatibility between A. 
unedo and P. arhizus. These showed the presence of a mantle, Hartig net, 
and intracellular hyphal complexes confined to the epidermal root cells. 
Arbutoid mycorrhizae were also observed nine months after acclimatiza-
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tion in inoculated and control plants. In order to confirm the identity of 
mycorrhizae, molecular techniques were used, in previously inoculated in 
vitro plants, 12 months after acclimatization. Thelephora and Hebeloma 
mycorrhizae, two types of highly competitive and widespread my-
corrhizae on nurseries were identified. In the nursery, dry sporocarp 
treatment improved plant height after four months. In a field trial (20 
months later), plants growth did not show significant differences. By this 
time, mycorrhized roots with Cenococcum geophilum and other types 
were identified. These results and their implications on A. unedo breed-
ing program are discussed. 
Keywords: arbutoid mycorrhizae; Ericaceae; field plants; Arbutus unedo 
or strawberry tree 
 
 
Introduction 
 
Arbutus unedo (known as strawberry tree) grows spontaneously 
in Mediterranean ecosystems. Fruit production represents the 
main income for farmers. From an ecological perspective, it 
contributes to biodiversity, helps to stabilize soils, has a strong 
regeneration capacity following fires, and survives well in harsh 
environments (Piotto et al. 2001). Because of these characteris-
tics, it has been used in the colonization of marginal lands and to 
prevent the propagation of forestry fires. For the last five years, 
we have been involved in a long-term breeding program, in 
which the main goal is to select and propagate trees to improve 
the quality of plant material available for orchards, hence en-
hancing the potential of A. unedo as a crop. In close collabora-
tion with farmers, trees have been selected based on fruit produc-
tion and quality, and protocols for the propagation of these adult 
trees through axillary shoot proliferation (Gomes and Canhoto 
2009; Gomes et al. 2010) and somatic embryogenesis (Gomes et 
al. 2009; Lopes et al. 2011) were developed. 
Mycorrhizae can improve plant adaptation and tolerance to 
stressful environmental conditions. Species of Arbutus (Erica-
ceae) form mycorrhizae with a broad range of fungal partners 
(Massicotte et al. 1993). Ultrastructural studies classified as ar-
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butoid mycorrhizae those formed by Arbutus, Arctostaphylos and 
Pyrola plants (Smith and Read 1997). Structurally, this kind of 
mycorrhizae resembles the ectendomycorrhizae since they pos-
sess a mantle, Hartig net and form intracellular hyphal com-
plexes. However, they differ from ectendomycorrhizae by the 
fact that the intracellular hyphal complexes are restricted to the 
epidermal cells (Peterson and Massicotte 2004). Massicotte et al. 
(1993) added to the characteristics of arbutoid mycorrhizae the 
presence of a variable fungal sheath. 
Previous works have shown that fungi involved in the forma-
tion of arbutoid mycorrhizae are also able to form ectomy-
corrhizae in association with other plant hosts as is the case of 
the basidiomycete Pisolithus arhizus, a symbiont fungus for a 
broad plant host range (Massicotte et al. 1993; Molina and 
Trappe 1982). Earlier studies had already shown the lack of 
specificity in hosts forming arbutoid mycorrhizae (Molina and 
Trappe 1982). Accordingly, other experiments indicated that 
Arbutus menziesii and Arctostaphylos uva-ursi were able to de-
velop arbutoid mycorrhizae in association with fungi that also 
can form ectomycorrhizae, including Cenococcum geophilum, 
Hebeloma crustuliniforme, Laccaria laccata, Lactarius sanguif-
luus, Piloderma bicolor, Pisolithus arhizus, Poria terrestris var. 
subluteus, Rhizopogon vinicolor and Thelephora terrestris 
(Molina and Trappe 1982; Smith and Read 1997). From these 
studies, it became clear that the plant host plays a crucial role in 
regulating the development and structure of mycorrhizae and that 
the same type of fungi may originate different types of my-
corrhizae according to the plant species that was colonized 
(Mirabelli et al. 2009; Rai 2001).  
Studies performed by Richard et al. (2005) also point in this 
direction because they have indicated that two mycorrhizal hosts, 
A. unedo and Quercus ilex growing in an old Mediterrean forest 
dominated by Quercus ilex, tend to share a few ectomycorrhizal 
species (<15% of the ectomycorrhizal diversity). The molecular 
analysis performed by these authors enabled the identification of 
28 taxa (81% of the characterized mycorrhizae), with the family 
Thelephoraceae being the most represented (Richard et al. 2005). 
Interactions between fungal strain and plant species in other 
Ericaceae such as Rhododendron sp. and Vaccinium corymbosum 
also showed that the type of fungal strain used affects mycorrhi-
zation and further plant growth (Eccher and Martinelli 2010; Noé 
et al. 2002). Taken together, all these data indicate that the selec-
tion of the most effective fungal strains under nursery and field 
conditions is a prerequisite for the successful establishment of 
mycorrhizae (Parladé et al. 2004; Rai 2001). 
   Mycorrhizal fungi use a variety of nitrogen sources and en-
hance mineral uptake (Gobert and Plassard 2008). This capacity 
is particularly advantageous for woody plants, conferring upon 
them a selective advantage in natural conditions since not only 
water and mineral (e.g., nitrogen and phosphorous) uptake is 
increased but root growth is buffered against biotic and abiotic 
stresses (Harrison 1999; Smith and Read 1997). In orchards, 
mycorrhization is no less important since plant growth can be 
stimulated and, therefore, crop production (Gobert and Plassard 
2008). In this way, mycorrhizal synthesis experiments are useful 
to determine fungus-plant host compatibility (Águeda et al. 
2008). This study is a first attempt to induce mycorrhizae forma-
tion between Arbutus unedo and P. arhizus (Pisolithaceae) under 
in vitro conditions, a type of symbiosis that does not seem to 
occur in natural stands (Richard et al. 2005). The role of my-
corrhization on plant growth and survival was evaluated in the 
nursery and in a field trial. Morphological and histological analy-
ses were carried out to monitor mycorrhizae synthesis. 
 
 
Materials and methods 
 
Fungal isolation and growth 
 
Fungal isolate of P. arhizus was obtained from a sporocarp col-
lected in the centre of Portugal, in a Mediterranean old-growth 
Quercus suber forest stand (Vendas Novas: 38º41′ N, 8º29′ W). 
Isolation was carried out by culturing sporocarp on modified 
Melin Norkrans (MMN) agar culture medium (Jacob et al. 2001). 
Fungal cultures were cultivated at 30ºC and multiplied by trans-
ferring five small discs of vigorously growing mycelium to fresh 
media containing 2% (w/v) glucose every four weeks. The same 
culture in liquid medium, in which glucose was reduced to 1% 
(w/v), was used for mycelium growth and, afterwards, for vege-
tative inoculum of the substrate in nursery conditions. P. arhizus 
dry sporocarps were also tested in nursery conditions. In this 
case, the dry sporocarps were collected in Carregal-do-Sal 
(40º26′ N, 7º59′ W), in an old Eucalyptus globulus forest stand. 
 
Plant material 
 
Adult trees of A. unedo were selected based on fruit quality and 
production (AL1 and C1 clones). The conditions for plant estab-
lishment were described in a previous work (Gomes and Canhoto 
2009). Briefly, branches (30–40 cm length) of adult plants were 
collected in the field, disinfected and kept in a culture chamber 
covered with plastic bags to maintain a high humidity environ-
ment, thus stimulating the development of epicormic shoots. 
Shoot apices and nodal segments from these epicormic shoots 
were further used to establish in vitro cultures on an Anderson 
medium (Anderson 1984). Propagation of the established mate-
rial was accomplished on De Fossard medium (De Fossard et al. 
1974). The higher shoots (14−20 mm) were transferred to a root-
induction medium (Knop, Gautheret 1959) added of 24.6 µM 
IBA (indol 3-butyric acid), for one week, in dark conditions. 
Shoots were then transferred to the same medium (Knop), with-
out auxin and containing charcoal (1.5 % w/v; root development 
medium) and sucrose (3% w/v) for another four weeks, before 
being acclimatized in the greenhouse. 
Shoots from AL1 clone were tested under in vitro conditions. 
After root induction, shoots were transferred to the root devel-
opment medium for two weeks before being transferred to the 
inoculated substrate. Rooted shoots were then transferred to the 
substrate inoculated with P. arhizus or to the control (the sub-
strate not inoculated). In both cases, 45 plantlets were tested. 
Inoculation in nursery conditions with P. arhizus was per-
formed using micropropagated plants from a selected clone 
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named C1. After acclimatization in the greenhouse, C1 plants 
were transferred to pots (450 cm3) for plant development and, 
afterwards, transferred to the nursery before the mycorrhizal 
inoculation treatments. A mixture of peat and perlite (7:3; v/v) 
was used as substrate. Two inoculation treatments (vegetative 
inocula from the same strain tested in vitro or dry sporocarps) 
were tested and compared to control plants. Those plants were 
later installed in a field trial and both P. arhizus treatments were 
compared to the control (micropropagated plants) as well as to 
one-year-old seedlings produced in the nursery. 
 
Mycorrhizal synthesis  
 
To induce mycorrhizal synthesis, test tubes (3 cm in diameter 
and 30 cm height), containing a 40 ml mixture of peat and ver-
miculite (1:6.5 v/v; previously sterilized at 121ºC for 60 min) 
were used. The pure culture synthesis technique described by 
Molina (1979) was used as a basis. The modifications  were as 
follows: 1) the MMN liquid medium, with a low glucose concen-
tration (0.5% w/v), was added in a proportion of 30 % (sub-
strate/volume); 2) for inoculation, three small discs (1cm diame-
ter) of vigorously growing mycelium cultured on Petri dishes 
were added per tube; 3) tubes were incubated at 30ºC for one 
month followed by 15 days in a culture chamber (25/20ºC, in the 
dark), to allow mycelium development. Finally, induced rooted 
shoots of the AL1 clone were transferred to the synthesis tubes. 
Control shoots were transferred to tubes containing non-
inoculated substrate, but in which liquid medium (Knop), char-
coal (1.5%) and sucrose (3%) were added. The synthesis tubes 
with AL1 shoots were maintained in a culture chamber under a 
photoperiod of 16/8h and a temperature of 25/20ºC, respectively. 
The substrate and mycelium were kept dark by wrapping the 
basal part of the tubes with aluminium foil. A small amount (3 to 
5 ml per tube) of liquid medium, consisting on Knop macronutri-
ents, was added monthly during five months. After 1 month, 8 
plants were checked for mycorrhizal formation. 
After five months, all plantlets were acclimatized as described 
by Gomes and Canhoto (2009). Briefly, the containers (60 x 40 
cm) were covered with plastic and placed on an irrigation sheet 
in a greenhouse to maintain a moist environment. The degree of 
humidity was gradually reduced by raising the covertures after 
three to four weeks, which were then totally removed after six 
weeks. During acclimatization, plantlets were evaluated for the 
presence of mycelium, mycorrhizae and root development. Half 
a month, later plants were transferred to individual containers, 
containing the substrate described above, and later the plants 
were transferred to the nursery. Four months later, the survival 
rate was determined. 
Nine months after acclimatization, roots from both treatments 
(control and previously inoculated in vitro) were again examined 
for arbutoid mycorrhizae formation. Twelve months after accli-
matization, 10 plants in the nursery (from previously in vitro 
inoculated treatment) were removed from containers and the 
identity of distinct mycorrhizal types were analyzed by molecu-
lar techniques. Young roots were frozen in liquid nitrogen and 
stored (-80°C). Samples were homogenized and DNA extrac-
tions were performed using the automatic extractor ABIPRISM 
6100 Nucleic Acid Prepstation from Applied Biosystems, ac-
cording to manufacturer instructions. ITS1F and ITS4 primers 
were used to amplify the ITS (Internal Transcribed Spacer) total 
region (Gardes and Bruns 1993; White et al. 1990). PCR was 
performed in a 25 µl volume containing: 12.5 µl of Jump Start 
Taq DNA polymerase with MgCl2 (Sigma D 9307), 0.5 µl of 
each primer (10mM), 1 µl of template DNA and 10.5 µl of sterile 
distilled water. 
The initial denaturation step (2 min, 95ºC) was followed by 30 
cycles of 60 s at 95ºC (denaturation), 60 s at 53ºC (annealing) 
and an extension step of 60 s at 72ºC, followed by a final exten-
sion step at 72ºC for 5 minutes, to guarantee that all annealed 
templates were entirely polymerized. The amplification reactions 
were performed with a GeneAmp PCR 9700 thermocycler from 
Applied Biosystems. PCR products were then purified using the 
QIAquick PCR Purification Kit (Qiagen Inc., Chatsworth, USA) 
and directly sequenced on an ABI 3730 genetic analyzer, using 
the Big Dye v.3 Terminator Cycle Sequencing Ready Reaction 
Kit (Applied Biosystems). The nucleotide sequences were run 
through Geneious 6.1 (cross-platform bioinformatics software 
suite for exploring biological data such as DNA sequences) and 
compared to the Blast (Basic Length Alignment Search Toll) 
(Altschul et al. 1997) database from NCBI 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence identification 
is then presented according to the degree of genetic similarity 
between the nucleotide sequence and the closest match in Gene-
Bank. 
 
Mycorrhization in the nursery and field tests  
 
To analyse mycorrhization with P. arhizus in the nursery, clonal 
micropropagated plants (C1) were watered with either P. arhizus 
mycelium (pure cultures in MMN liquid medium) or dry sporo-
carps and compared with the control. Pure cultures were obtained 
in MMN liquid medium (glucose 1% w/v) at 30ºC for two 
months. When the liquid surface was covered with the mycelium, 
the Erlenmeyer flasks were gently shaken, filtered, and washed 
to remove the remains of glucose. The mycelium was diluted in 
water in a proportion of 1:20 (v/v), and then applied to the sub-
strate (treatment referred to as C1M). The dry sporocarps were 
mixed with water and then applied directly to the substrate 
(treatment referred to as C1S). In both treatments, 80 ml were 
applied (during the growing season spring) to the substrate (450 
cm3) being distributed by three holes previously made in the 
direction of the plant roots. The fertilizer addition (slow-release 
fertilizer, 20:9:11 NPK +2Mg) to the substrate (2.6 g/l) was only 
applied to the control treatment (treatment referred to as C1C). A 
total of 153 plants distributed by the different treatments were 
used: 45 for C1S, 49 for C1M and 59 for C1C. The effect of the 
treatments on plant growth was evaluated by measuring the in-
crease in plant height (H1 – H0; cm), two and four months after 
inoculation treatments in nursery. 
   Four months after inoculation treatments in the nursery these 
plants were installed in the field trial and compared to one-year-
old strawberry tree seedlings propagated in the nursery, an ap-
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proach commonly used in afforestation programs. The field trial 
was established in Estreito (39º57′ N, 7º48′ W) during the most 
adequate planting season for a Mediterranean climate (October). 
Plants from all the mycorrhization treatments (C1S, C1M, C1C) 
were kept in the field without the addition of any fertilizer and 
compared in terms of growth with seedlings treated with a slow-
release fertilizer (30g/plant; Nutriforest 9:23:14 (+4; +0.1) N:P:K, 
+ MgO, B, with eight to nine months of release period). This is 
the usual procedure used in afforestation programs, considering 
the climatic and edaphic characteristics of the Region. However, 
plants from all the mycorrhization treatments, including the con-
trol were not fertilized. Plants were established in rows at a dis-
tance of 4 m apart and 5 m between rows (4 m × 5m). The ex-
periment consisted of four blocks with five plants per each of the 
four treatments in a total of 80 plants (four treatments x five 
plants × four blocks) distributed in an area of 1600 m2. Survival 
rate was evaluated 12 months after tree planting. Height was 
measured immediately after planting and then 20 months later to 
evaluate the effect of the different treatments tested on plant 
growth. By this time, roots were also checked for the presence of 
arbutoid mycorrhizae. 
 
Morphological and histological studies 
 
Arbutoid mycorrhizae roots and rhizomorphs were carefully 
examined with the aid of a stereo-microscope. Some observa-
tions were carried out in fresh sections obtained with a freezing 
microtome. The general terminology follows that of Agerer and 
Rambold (2004-2010). 
For histological studies, root samples were fixed in 2.5% glu-
taraldehyde in a 0.1 M phosphate buffer, pH 7.0 for 1.5 h and 
post-fixed in 1% osmium tetroxide prepared in the same buffer 
for 1 h at room temperature. Dehydration was accomplished in 
an ethanol series (20% to 100%) and the samples were embedded 
in Spurr’s resin. Sections (1–2 µm) were made with glass knives 
on a LKB Ultratome III and stained with 0.2% toluidine blue. 
 
Statistical analysis 
 
For statistical analysis, the software STATISTICA 6 was used. 
An ANOVA was performed to check the effect of the different 
inoculation treatments with P. arhizus on plant height and height 
increment (∆H) under nursery conditions. Following establish-
ment of the field trial, an ANOVA was performed considering 
the two main factors (the inoculation treatments and block/field 
trial repetition) and their interaction on two variables: plant 
height and height increment 20 months after field trial establish-
ment. When treatments showed significant differences (p≤0.05), 
means were compared using the Duncan test (Duncan 1955). 
 
 
Results 
 
Mycorrhizal synthesis in vitro  
 
Five months after the beginning of the experiments, all in vitro 
plantlets were acclimatized (Figs. 1a-e). The root system showed 
many secondary and branched roots (Fig. 1c-d) which likely 
contributed to the 100% survival rate evaluated four months later. 
Plants that were not inoculated showed a slightly lower survival 
rate of 93.8% (four months after acclimatization), without sig-
nificant differences. After five months on the synthesis tubes, the 
main features that could be observed were: 1) a well-developed 
root system showing the presence of secondary roots (Fig. 1c), 2) 
an extensive colonization of the substrate by the mycelium of P. 
arhizus (Figs. 1d-e), 3) with a thick yellow-brown mantle visible 
to the naked eye, and completely covering the roots (Figs. 1c-e), 
and 4) a normal pattern of plant development indicating that 
colonization of the roots by P. arhizus does not affect plant 
growth (Figs. 1c-d).  
 
 
Fig. 1  Mycorrhizal synthesis: a – shoots immediately after transfer 
from the root expression medium to the synthesis tubes containing the 
inoculated substrate; b to e – different aspects of in vitro plantlet devel-
opment after 5 months of culture in the substrate (b), showing a well 
developed root system (c and d) as well as an extensive root and sub-
strate colonization by the P. arhizus mycelium, without any evidence of 
plant stress (c to e). 
 
One month after the beginning of the experiments, roots were 
examined for mycorrhizal formation and the analyses showed 
that P. arhizus mycorrhizae had already developed, forming a 
pale yellow to yellow-brown mantle (Figs. 2a-b). The my-
corrhizae had a typical cruciform appearance (Fig. 2a) and the 
mantle consisted of loosely interwoven hyphae (Figs. 2a-b). 
Histological studies performed in the mycorrhized roots showed 
that strawberry tree roots possess two vascular bundles of xylem 
and phloem (diarch roots) surrounded by 3-5 layers of cortical 
cells (Fig. 2c). Cross sections through these roots showed a typi-
cal arbutoid organization with a mantle, the Hartig net, and intra-
cellular hyphal complexes which were confined to the epidermis 
(Figs. 2 c - f). 
Nine months after acclimatization, plants growing in the nurs-
ery were removed from the containers and the root system exam-
ined for the presence of arbutoid mycorrhizae and compared to 
control plants (not inoculated in vitro). All plants (previously in 
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vitro inoculated or not) showed arbutoid mycorrhizae formation. 
When the substrate was previously in vitro inoculated with P. 
arhizus the results showed that mycorrhizae had developed, 
forming a pale yellow to yellow-brown mantle (Fig. 3a). Other 
features observed were a cruciform appearance and a compound 
structure, like a repeated branching (Figs. 3a-b). Analyses of 
fresh root sections made with a freezing microtome indicated the 
presence of a mantle, which consisted mainly of loosely inter-
woven hyphae (Fig. 3c) and also of the intracellular hyphal com-
plexes confined to the epidermis (Fig. 3d), the Hartig net (Fig. 
3e), and clamp-connections and cystidium (Fig. 3f). However, 
from what can be seen in Fig. 3 it is not clear whether the my-
corrhizae formed by P. arhizus are still present as they are mor-
phologically different from those in Fig. 2. 
 
 
 
Fig. 2  Arbutoid mycorrhizae observations, after one month, in the synthesis tubes inoculated with P. arhizus: a – roots showing a cruciform ap-
pearance; b – detail of the thick pale yellow to yellow-brown mantle covering the root surface; c - cross section of a mycorrhized root showing the diarch 
root (DR) pattern of vascular bundle organization, the mantle (M) and intracellular hyphal complexes (star), which were confined to the epidermis; d to f 
– details of the cross sections showing the mantle (M), the Hartig net (HN), the paraepidermal Hartig net hyphae (arrows) and sectioned intracellular 
hyphal complexes (stars) within epidermal cells. 
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Fig. 3  Arbutoid mycorrhizae observations, nine months after acclimatization of previously mycorrhizal synthesis in vitro: a - mycorrhized roots 
showing a cruciform morphology; b – mycorrhizae showing a branched architecture; c – tissue cut with a freezing microtome showing the mantle (M) 
displaying loosely interwoven hyphae with a few emanating hyphae (arrow); d - intracellular hyphal complexes (star) in epidermal cells; e - aspect of the 
Hartig net (HN) and of a clamp-connection (arrow head); f - another aspect of the Hartig net (HN) showing a cystidium (arrow) and clamps (two arrows). 
 
Nine months after acclimatization, control plants in nursery 
growing on a substrate which was not previously in vitro inocu-
lated showed mycorrhizae development when roots were exam-
ined under a stereomicroscope (Fig. 4). Mycorrhizae of various 
morphologies were found (Figs. 4a-e), some showing a typical 
cruciform appearance (Fig. 4a), others with a dichotomous 
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branching (Fig. 4b), still others whitish in color (Figs. 4c-d) and 
displaying a coralloid type of branching (Fig. 4e), or showing 
pinnate edges branching morphology (Fig. 4f). 
 
 
 
Fig. 4  Mycorrhizae observations on control plants growing in the nursery for nine months after acclimatization: a - mycorrhiza with a typical 
cruciform appearance (note the emanating hyphae; arrows); b - dichotomous mycorrhizae; c - mycorrhizae with compound structures (arrows); d - my-
corrhizae with white hyphae (arrows); e - mycorrhizae showing the coralloid branching morphology; f - mycorrhizae showing a pinnate edges branching 
morphology. 
 
Twelve months after acclimatization, 10 plants growing in the 
nursery (previously in vitro inoculated) were examined, in order 
to identify the distinct mycorrhizal types, through molecular 
techniques. The results showed the presence of arbutoid my-
corrhizae. However, these showed to be not from P. arhizus, but 
from two other basidiomycetes, namely Thelephora and Hebe-
loma, from the Telephoraceae and Cortinariaceae families, re-
spectively (Table 1). 
 
Table 1. Closest matches between nucleotide sequences and se-
quences from the GeneBank data base obtained using the BLAST 
search tool. 
GeneBank’s Acces-
sion number 
E-value Similarity 
% 
Closest species 
GU998124.1 0.0 99% Thelephora sp. 
AY945290.1 0.0 90% Thelephora sp. 
AB211272.1 0.0 97% Hebeloma sp. 
HQ211740.1 7e-79 94% Hebeloma sp. 
 
Inoculation in nursery and field trial establishment 
 
Plant height increment (cm) was evaluated after two and four 
months of P. arhizus inoculation. After two months, no signifi-
cant differences were found between treatments (C1M; C1S) and 
control plants (C1C). However, two months later, the best results 
(P<0.05) were achieved when dry sporocarps mixed with water 
were tested (C1S; Table 2). On these conditions, the control 
plants showed the lowest value in height increment (Table 2). 
 
Table 2. Effect of different inoculation treatments with P. arhizus on 
plants’ height increment (∆H) evaluated 2 and 4 months after inocu-
lation under nursery conditions. Plants of the clone C1 were used. 
Treatments ∆ H 2 months (cm) ∆ H 4 months (cm) 
C1 C - Control plants 10.7±0.4a 14.4±0.7b 
C1 M – Mycelium 11.0±0.4a 16.0±0.6b 
C1 S - Sporocarps mixed 
in water 
10.8±0.3a 19.1±0.7a 
In each column values (mean ± SE) followed by different letters are signifi-
cantly different (p≤0.01). 
 
The survival rate found 12 months after field trial establish-
ment was about 96.8%, without significant differences. Twenty 
months after field trial establishment, height or height increment 
did not show significant differences due to the treatments tested 
(Table 3).  
Twenty months after the field trial establishment, it was ob-
served that roots of the plants which had been inoculated in nurs-
ery (C1M and C1S) showed mycorrhyzed roots (Figs. 5a-g). 
Mycorrhization with Cenococcum geophilum (Figs. 5a-c), my-
corrhizae displaying a compound structure (Fig. 5d) or my-
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corrhizae possessing a yellow-brown mantle (Fig. 5e) were other 
types observed. Cenococcum geophilum mycorrhizae were black 
(Figs. 5a-c), short and occasionally produced one or two short 
branches (Fig. 5b) but they were usually single (Fig. 5c). Obser-
vations performed in material sectioned with a freezing micro-
tome showed a mantle with emanating hyphae with irregularly 
formed clamp-connections (Fig. 5f). Mycorrhizae with a typical 
cruciform appearance were also observed (Fig. 5g). However, 
some roots were also found in which mycorrhization could not 
be detected (Fig. 5h). Young roots without the presence of my-
corrhizae (Fig. 5h) were characterized by the presence of root 
hairs morphologically different from the hyphae (Figs. 5b-d) and 
that could be easily distinguished. 
 
Table 3. Effect of the different treatments on plants height and 
height increment (∆H) evaluated 20 months after field trial estab-
lishment. 
Mycorrhizal treatments and genotype H 20 months ∆ H (H20 - H0)
SE - seedlings 68.6±5.3a 57.7±4.8a 
C1 C - Control plants 76.2±6.7a 54.8±6.9a 
C1 M - Mycelium 83.0±4.7a 62.0±4.6a 
C1 S – Sporocarps mixed in water 84.7±5.1a 60.8±5.0a 
In each column values (mean ± SE) followed by same letters are not signifi-
cantly different. 
 
a b c
d e f
g h
 
 
Fig. 5  Root observations 20 months after field trial establishment: a to g - mycorrhized roots; a to c – C. geophilum mycorrhizae, a - short my-
corrhizae with a black mantle; figures details showing a mycorrhiza with two short branches (b) or single branch (c) with a compact black mantle and 
black hyphae growing from the mantle surface (arrows, b and c); d - mycorrhiza presenting a compound structure, note the hyphae growing from the 
mantle (arrow); e - mycorrhizae showing a yellow-brown mantle; f – mantle hyphae possessing clamp-connections (cc); g - mycorrhizae showing a 
branched architecture and h - a young root without mycorrhizae showing the root hair zone (rhz) and the root cap (rc). 
 
 
Discussion 
 
Mycorrhizal synthesis in vitro 
 
Our experiments showed that after five months on the synthesis 
tubes, during the acclimatization process of A. unedo plants, 
extensive substrate colonization by P. arhizus mycelium oc-
curred. The treated plants showed a well-developed and 
branched root system with the presence of secondary roots. 
Overall, a thick yellow-brown mantle could be seen with the 
naked eye. Giovannetti et al. (1989) were able to identify two 
main types of mycorrhizae in A. unedo growing in natural 
conditions. The first was characterized by a thick black mantle 
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attributed to Cenococcum graniforme. The second was character-
ized by a thick mantle of closely interwoven hyphae. Histologi-
cal studies demonstrated that epidermal cells were completely 
filled with the mycorrhizal fungi. Our data demonstrated that 
both plants cultured for one month in test tubes and those 
acclimatized for nine months showed mycorrhizae with a typical 
arbutoid organization, namely a thick mantle, the Hartig net, 
intracellular hyphal complexes confined to the epidermis and no 
evidence of VA formation. Similar observations were made by 
Münzenberger et al. (1992) on arbutoid mycorrhizae of A. unedo 
due to Laccaria amethystea in which a well developed mantle, 
the Hartig net, and a intracellular hyphal complex confined to the 
epidermis were also present. 
   These characteristics are quite different from those observed by 
Fusconi and Bonfante-Fasolo (1984) in the mycorrhizae of A. 
unedo growing in natural conditions and due to ascomycetous 
fungi. In this case, only a few hyphae occurred and a true mantle 
could not be found. Concerning the hyphal mantle in arbutoid 
mycorrhizae development, different observations have been re-
ported. Thus, in Pyrola sp. Mycorrhizae, also classified as arbu-
toid, such as those of Arbutus and Arctostaphylos, the mature 
mycorrhizae are characterized by the presence of numerous in-
tracellular hyphae, Hartig net, the absence of sheath, and the lack 
of fungal penetration into the cortex (Robertson and Robertson 
1985). 
   According to Massicotte et al. (1993), in A. menziesii, the outer 
row of cortical cells develop a hypodermis showing suberin la-
mellae in their walls and a Casparian strip in radial walls, there-
fore confining the development of the Hartig net to the epidermis. 
The same authors also reported the presence of a variable fungal 
sheath (Massicotte et al. 1993). The presence of thick yellow-
brown mantle was clearly observed in our studies, and the my-
corrhizae displayed a typical cruciform appearance and a com-
pound structure, like repeated branching. Similar features were 
reported by Molina and Trappe (1982), Massicotte et al. (1993) 
and Smith and Read (1997) on arbutoid mycorrhizae between A. 
menziesii and the basidiomycetes P. arhizus and Piloderma bi-
color, respectively. According to Smith and Read (1997) this 
pattern of branching appears to arise from precocious initiation 
of individual lateral roots, rather than by dichotomy of the root 
apical meristem as typically seen in ectomycorrhizae of Pinus. 
Molina and Trappe (1982) sustain that in older associations, the 
cruciform structure usually branches forming pinnate fans or 
clusters, in which the tips of the compound mycorrhizae also 
have a cruciform appearance. 
Our results showed the presence of root branching and secon-
dary roots during the acclimatization process of in vitro inocu-
lated plants. Similar results were also reported on ectomycorrhi-
zal fungi of Castanea sativa micropropagated plants and seed-
lings (Martins 2004; Martins et al. 1996) and during vegetative 
propagation of conifers in which mycorrhization enhanced root 
formation as well as root branching of in vivo cuttings and in 
vitro adventitious shoots (Niemi et al. 2004). 
Mycorrhizae formation may explain the survival rate (100%) 
observed in our assays. The positive role of mycorrhization on 
plant development following micropropagation has been reported 
by a number of researchers. Thus, in Vaccinium angustifolium, 
also an Ericaceae, mycorrhization was used to improve plant 
acclimatization (Ratnaparkhe 2007). Other tree species in which 
mycorrhization helped to achieve higher levels of plant acclima-
tization were Castanea sativa (Martins 2010), Corylus avellana 
(Mirabelli et al. 2009), Juglans regia (Rai 2001), Leucaena 
leucocephala (Puthur et al. 1998), Olea europea (Cantos et al. 
2009), Pinus pinaster and P. sylvestris (Parladé et al. 2004), 
Pinus pinea (Oliveira et al. 2003), Rhododendron (Eccher and 
Martinelli 2010), Sesbania sesban (Subhan et al. 1998), 
Vaccininium corymbosum (Eccher and Noé 2002) and Vitis 
vinifera (Cantos et al. 2009). 
Nine months after acclimatization, the morphological studies 
showed that it was not clear whether the mycorrhizae formed by 
P. arhizus were still present as they were morphologically differ-
ent from those previously observed in vitro 1 month after inocu-
lation. 
Twelve months after acclimatization, the sequencing of the 
PCR products amplified with ITS1F and ITS4 primers showed 
the presence of arbutoid mycorrhizae fungi of Thelephora sp. 
and Hebeloma sp. According to Ingleby et al. (1990), Hebeloma 
mycorrhizae are frequently associated with young trees of differ-
ent species, and may be considered “early stage” fungi. Hebe-
loma are particularly common in tree nurseries and greenhouse 
potting composts, and in these conditions, tend to dominate root 
systems by impairing colonization by other species of fungi. 
Thelephora mycorrhizae are particularly abundant on seedlings 
growing in greenhouses or in nurseries. These kind of my-
corrhizae are unspecific, are common in a wide range of habitats, 
and are also considered “early stage” fungi (Garbaye 1990; In-
gleby et al. 1990). In addition, Thelephora is usually dominant, 
as fruitbodies are abundant and perennial, spreading spores 
throughout the year and well adapted to severe temperatures 
(Garbaye 1990). These features may help to explain our results 
observed 12 months after acclimatization of strawberry tree 
plants. Results obtained by Parladé et al. (2004) in P. pinaster 
and P. sylvestris are in line with these data. In fact, it was found 
that one-year old plants growing in the nursery showed levels of 
colonization with L. deliciosus highly reduced (50% and 2% for 
P. pinaster and P. sylvestris respectively). Fungal persistence is a 
common problem following mycorrhization and has been often 
reported (Águeda et al. 2008; Parladé et al. 2004; Parladé et al. 
2009; Rincón et al. 2005). 
 
Inoculation with P. arhizus in nursery 
 
In vitro plants acclimatized in the nursery were watered with 
either P. arhizus mycelium (vegetative inocula) or dry sporo-
carps and compared with the control. Different kinds of vegeta-
tive inocula production can be used for greenhouse or nursery 
inoculations, such as (1) spore inocula (Navarro et al. 2009), (2) 
mycelial suspensions on liquid medium, (3) mycelial slurries 
injected in the rhizosphere, (4) alginate-entrapped inoculums, 
and (5) inoculum production in a peat-vermiculite substrate 
(Parladé et al. 2004; Rincón et al. 2001). Parladé et al. (2004) 
reported that the percentage of colonized plants and the degree of 
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colonization observed are dependent on the inoculation method 
and the plant-fungal strain interaction. In our assays two methods 
were tested: the vegetative inocula with the same strain that was 
tested in vitro and spore inocula. 
   According to Quinteiro (2005) one of the most interesting prac-
tical applications of induced mycorrhization is directly related to 
the increasing growth capacity of the host plants. Improved water 
and mineral nutrient uptake and a better tolerance to water deficit 
were reported with A. unedo plants inoculated in nursery, during 
hardening process, and later during transplanting and establish-
ment period (Navarro et al. 2011; Navarro et al. 2009). However, 
the positive effect of mycorrhization on plant growth seems not 
to be a general rule. Thus, Gautry et al. (1991) did not find any 
increase in growth of seven clones of Pseudotsuga rooted cut-
tings inoculated with L. laccata and Hebeloma crustuliniforme. 
Rincon et al. (2001) tested seven ectomycorrhizal fungi (vegeta-
tive or spore inocula) with P. pinea seedlings (Hebeloma crus-
tuliniforme, Laccaria laccata, P. arhizus, Melanogaster am-
biguus, Rhizopogon luteolus, Rhizopogon roseolus and 
Scleroderma verrucosum) and were also unable to detect any 
increase in seedling growth.  
   These contradictory results may be ascribed to differences in 
the physiological conditions of the plant material and/or to the 
different species of fungi used. After four months, only plants 
from the dry sporocarp inoculation treatment showed higher 
growth rates than the control plants. Similar results were ob-
tained by Chen et al. (2006) in E. urophylla inoculated in the 
nursery with spores of the ectomycorrhizal fungi Scleroderma sp. 
   The substrate used in the containers may also influence the 
mycorrhization success. Our assays were carried out in a mix of 
peat and perlite (7:3, v/v). Perlite helps to maintain a high degree 
of porosity, thus enhancing substrate aeration, a situation that can 
facilitate mycorrhizae synthesis and further growth of the fungi 
(Gautry et al. 1991). Substrates usually used in nurseries, such as 
composted pine bark and soil mixtures have been associated to 
the appearance of aggressive and highly competitive pioneer 
mycorrhizae, a situation that can impair further colonization by 
more interesting and less competitive fungi species (Chen et al. 
2006; Rincón et al. 2005).  
   In our assays, the use of composted pine bark was avoided. 
However, this is the substrate (mixed with peat) used for plant 
production (seedlings or cuttings) in the nursery for economic 
reasons and may contribute to natural mycorrhization. In other 
species, other types of substrates have been successfully used 
such as potting mix (vermiculite, peat and sand) in P. pinea 
(Rincón et al. 2005) and E. urophylla (Chen et al. 2006). 
However, further detailed studies must be conducted to evaluate, 
in a more precise way, the interaction between substrate and 
mycorrhizae establishment. 
   According to Rincon et al. (2001), spore inoculum of P. arhi-
zus has been successfully used in several experiments with dif-
ferent Pinus species and also with Quercus suber and Q. rubra. 
According to Quinteiro (2005) mycorrhization may help to re-
duce application of fertilizers by increasing nutrient uptake. This 
seems to occur in A. unedo, since increased height was higher in 
mycorrhized plants when dry sporocarps were tested, compared 
to those in which a fertilizer was added to the substrate. In large 
nurseries, this may reduce costs and contribute to a cleaner envi-
ronment through the use of friendly agricultural practices. 
 
Field trial observations 
 
Following nursery treatments, a field trial was established with 
four types of plant material: inoculated clonal plants (vegetative 
inocula and dry sporocarps), control plants (not inoculated) and 
seedlings propagated in the nursery. Several authors concur that 
is advisable to reduce the use of fertilizers, to stimulate estab-
lishment of the symbiotic association (Águeda et al. 2008; Fortin 
et al. 2008; Rincón et al. 2005). Only seedlings were fertilized 
when planted in the field, the normal procedure in plantation. 
Results, reported one year later, showed a survival rate of 96.8%, 
without significant differences between treatments. Twenty 
months later, plant height and height increment were higher 
(with no significant differences) in both treatments with inocu-
lated plants (vegetative inocula and dry sporocarps) than in con-
trol plants and seedlings. Kosola et al. (2007) reported that my-
corrhization of Vaccinium macrocarpon with Rhizoscyphus eri-
cae promotes field establishment, stress tolerance and growth, 
making it a useful approach for the management of crop plants. 
In our experiment, no significant differences were found between 
all treatments. A common agricultural practice in field planta-
tions is the use of a slow release fertilizer. However, as men-
tioned above, mycorrhization seems to be a more interesting 
option because it is cheaper, cleaner, and improves the physio-
logical conditions of the plants. 
Root analysis indicated that plants of strawberry tree were 
mycorrhized with different fungi, one of them being Cenococ-
cum geophilum. According to Ingleby et al. (1990) this fungal 
species is widespread and easy to identify by its black color with 
characteristic emanating hyphae (thick, straight and invariably 
broken because of their fragile nature) and mantle surface (com-
pact and uneven) features. This type of mycorrhizae with ema-
nating hyphae was also observed in A. unedo roots. According to 
Ingleby et al. (1990) the emanating hyphae are absent, only when 
C. geophilum mycorrhizae get older. Similar conclusions were 
forwarded by Richard et al. (2005) who have demonstrated, 
through molecular analysis, that in A. unedo plants growing in an 
old Mediterrean forest dominated by Quercus ilex, C. geophilum 
was the dominant species among 30 sampled plants. The same 
authors were only able to identify three other species besides C. 
geophilum, namely two Thelephoraceae species and Inocybe 
tigrina.  
Twenty months after the field trial was established, the A. un-
edo roots did not show any presence of the P. arhizus previously 
inoculated under nursery conditions. These results suggest that A. 
unedo plants had established mycorrhizae with other natural 
species of mycorrhizal fungi. This fact may explain why plant 
growth did not show differences between treatments, 20 months 
after field trial establishment. Fungal persistence is other 
problem reported by several authors (Águeda et al. 2008; Parladé 
et al. 2004; Parladé et al. 2009; Rincón et al. 2005). In our ex-
periments, the use of a non-specific strain of P. arhizus might 
Journal of Forestry Research (2013) 24(4): 659−670 
 
669
explain its absence in the roots 20 months after field trial estab-
lishment, likely due to the lower competitiveness of the strain 
used when compared to other mycorrhizal fungi. It is critical to 
know the threshold colonization level required to ensure fungal 
persistence, as well as screening fungal strains for their aggres-
siveness under nursery and field conditions, which is a prerequi-
site for the successful commercial application of inoculation 
techniques (Parladé et al. 2004). 
Further assays on the mycorrhization of A. unedo plants will 
be focused on the selection of more competitive fungal strains 
and on the threshold fungal colonization level required to in-
crease the frequency of mycorrhization and to assure mycorrhi-
zation persistence during further plant growth. 
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